Under physiological conditions, prostaglandin G/H synthase-2 (PGHS-2) is induced in bovine preovulatory follicles by the endogenous surge of gonadotropins. To characterize the pattern of follicular PGHS-2 expression during superovulation in cattle, heifers were treated with exogenous FSH and ovulation was induced with hCG. Animals were ovariectomized 0, 18, and 24 h post-hCG, and extracts of follicles 6 mm were analyzed by Western blotting. Follicular fluid concentrations of prostaglandin (PG) E 2 , PGF 2 ,,, progesterone, and estradiol-17P were determined by RIAs, and the morphology of the cumulus oocyte complex was examined. Results showed that PGHS-2 protein was absent in all follicles isolated at 0 h post-hCG (n = 119) and in small follicles (6 to < 8 mm) isolated between 0 and 24 h posthCG (n = 27 follicles). In contrast, 12.3% of medium (8 to < 10 mm) and 43.7% of large ( 10 mm) follicles were PGHS-2-positive at 18 h post-hCG, and these percentages rose at 24 h to 45.9% and 91.0% in medium and large follicles, respectively (p < 0.05). Follicular fluid concentrations of PGE 2 and PGF 2 were low in follicles isolated at 0 h and increased only in PGHS-2-positive follicles isolated 24 h post-hCG (p < 0.05). Concentrations of progesterone and estradiol-1713 at 0 h were 28.2 --5.8 and 291.8 13.0 ng/ml, respectively, and a shift from estradiol-171 to progesterone dominance (luteinization) occurred at 24 h post-hCG only in PGHS-2-positive follicles. Also, expansion of the cumulus oocyte complex was detected at 24 h posthCG only in PGHS-2-positive follicles. Lack of PGHS-2 induction in follicles of ovulatory size (> 8 mm) was associated with an apparent failure to respond to hCG (absence of luteinization and cumulus expansion). Collectively, these results demonstrate the presence of a time-and follicle size-dependent induction of PGHS-2 in bovine follicles during superovulatory treatment and suggest that PGHS-2 expression can be used as a marker for follicular commitment to ovulation during ovarian hyperstimulation protocols.
INTRODUCTION
Prostaglandin G/H synthase (PGHS), also known as cyclooxygenase (COX), is a key rate-limiting enzyme in the prostaglandin biosynthetic pathway, as it catalyzes the conversion of arachidonic acid into prostaglandin H 2 (PGH 2 ), a common precursor for all prostaglandins, prostacyclins, and thromboxanes [1] [2] [3] . Two genes encoding distinct PGHS isoforms, referred to as PGHS-1 and PGHS-2, have been characterized [4] [5] [6] . The PGHS-1 and -2 proteins are about 60% identical at the amino acid level, but differences in their patterns of expression and regulation suggest that the two isoforms could serve different biological functions [4, 5] . Regulation of PGHS enzyme expression has been demonstrated during various reproductive functions, including early embryonic development and implantation [7] [8] [9] [10] , parturition [11] [12] [13] , and luteolysis [14, 15] . The process of ovulation is another reproductive event during which the synthesis of prostaglandins is required [16, 17] . The marked increase in prostaglandin synthesis in rat follicles before ovulation is related to the induction of PGHS, and more specifically PGHS-2 [18] [19] [20] [21] . The induction is rapid (2-4 h post-hCG), occurs only in granulosa cells, and is caused by high (ovulatory) levels of gonadotropins. Comparative studies in cattle and horses showed that the selective induction of PGHS-2 in granulosa cells is a molecular mechanism conserved in mono-ovulatory species with a long ovulatory process [22] [23] [24] [25] . The time course of PGHS-2 induction in bovine (18 h post-hCG) and equine (30 h posthCG) preovulatory follicles is delayed as compared to the rapid induction observed in rats (2-4 h post-hCG). However, the interval from PGHS-2 induction to follicular rupture is remarkably conserved (-10 h) in all species, suggesting that PGHS-2 expression could serve as an alarm that controls the mammalian ovulatory clock [26] .
The administration of exogenous gonadotropins in cattle is used to override the intrinsic mechanisms of follicular recruitment and selection, and to induce multiple ovulations [27] [28] [29] . Follicular rupture during superovulatory treatments was shown to occur almost exclusively in follicles that have reached a diameter of 8 mm [30] . However, despite increased understanding of the control of bovine follicular development and the production of purified gonadotropin preparations, the outcome of current superovulation treatments remains unpredictable [28, 31] . One undesirable effect of these protocols is the development of a proportion (up to 20%) of follicles greater than 8 mm that fail to ovulate and that eventually undergo atresia or become cystic [30, 32] . Understanding the development of such follicles during ovarian hyperstimulation has been hampered by the inability to distinguish within a population of follicles those committed to ovulation from those not committed. With the recent demonstration of a gonadotropin-and time-dependent induction of PGHS-2 in bovine preovulatory follicles during the estrous cycle [22, 23, 25] , we hypothesized that expression of PGHS-2 could be used during superovulatory protocols as a marker of follicular commitment to ovulation. Therefore, the objective of this study was to characterize the pattern of expression of PGHS-2 in bovine superovulatory follicles and relate it to changes in follicular steroidogenesis, prostaglandin production, and cumulus-oocyte complex morphology.
MATERIALS AND METHODS

Materials
Diethyl ether, octyl -D-glucopyronoside (octyl glucoside), and diethyldithiocarbamic acid were purchased from 
Animals, Superovulatory Protocol, and Ovariectomy
Twelve Holstein heifers (2-3 yr old) were subjected to a standard superovulatory regimen initiated between Days 9 and 10 of the estrous cycle. The treatment consisted of a total of 320 mg FSH (Folltropin-V) given in 8 decreasing injections 12 h apart over a period of 4 days [33] . Luteal regression was induced by injecting i.m. 25 mg PGF 2 , (Lutalyse) at the fifth and sixth FSH injection. To precisely control the time of ovulation, hCG (2500 IU) was administered i.v. 36 h after induction of luteolysis. Ovaries were collected by ovariectomy via colpotomy at 0 (n = 4), 18 (n = 4), and 24 h (n = 4) after hCG. The ovaries were transferred immediately into ice-cold PBS supplemented with penicillin (50 U/ml)-streptomycin (50 jig/ml), and transported to the laboratory. All animal procedures were approved by the Comit6 de dontologie animale of the University de Montrdal.
Isolation of Follicles
All follicles -6 mm were carefully dissected from the surrounding ovarian tissue with a scalpel and were measured before being cut with fine scissors. The morphology of the cumulus oocyte complex (absence or presence of expansion) was examined under a dissecting microscope, and the follicular fluid was recovered and stored at -70°C until assayed for progesterone, estradiol-1713, PGE 2 , and PGF 2 ,. The theca externa and other surrounding tissues were dissected away from the theca interna using fine forceps, as previously described [22, 25] . The resulting theca interna with attached granulosa cells was subsequently referred to as a follicle wall preparation. All samples were stored at -70°C until used for preparation of cell extracts.
Cellular Extracts and Western Blotting
Solubilized cell extracts were prepared from pieces of follicle wall as previously described [22, 25] and were stored at -70 0 C. The protein concentration was determined by the method of Bradford [34] using the Bio-Rad protein assay kit.
Protein extracts (50 ,ug) were resolved by one-dimensional SDS-PAGE and electrophoretically transferred onto nitrocellulose membranes as previously described [22, 25] . Membranes were incubated 18 h at 4 0 C with affinity-purified polyclonal antibody 9181 raised in rabbits against ovine PGHS [20, 21] . The specificity of antibody 9181 has been characterized in rats [20, 21] , sheep [11] , cattle [22, 25] , and horses [24] , with the antibody recognizing both PGHS-1 and PGHS-2 in all species tested.
125 I-Labeled protein A (1 X 106 cpm/ml Tris-buffered saline with 2% milk) was used to visualize immunoreactive proteins. Filters were exposed to x-ray film at -70°C.
Hormone Assays
Nonextracted aliquots of follicular fluid were assayed for progesterone and estradiol-17 by specific RIAs, as previously described [25, 35, 36] . The sensitivities of the progesterone and estradiol-17 assays were 3.12 and 0.16 pg/ assay tube, respectively. The intra-and interassay coefficients of variations for progesterone were 11.9% and 8.0%, respectively, and were 9.6% and 6.4%, respectively, for estradiol-173.
Samples of follicular fluid were acidified to pH 3.0 with 1 N HC1, extracted with diethyl ether, and assayed for PGE 2 and PGF 2 ,, by specific RIAs, as previously described [22, 25] . The recovery rates for PGE 2 and PGF 2 , were 82% and 89%, respectively. The intra-and interassay coefficients of variations for PGE 2 were 10.7% and 10.6%, respectively, and were 10.1% and 7.3% for PGF 2 a, respectively.
Statistical Analyses and Follicle Size Categories
One-way ANOVA was used to test the effect of time after hCG on concentrations of progesterone, estradiol-173, PGE 2 , and PGF 2 ,. Scheffe's test was used to compare individual means when ANOVA indicated significant differences (p < 0.05). Data were transformed to logarithms before analysis when heterogeneity of variance was observed with the Bartlett test. To test the effect of time after hCG on follicular expression of PGHS-2 and cumulus oocyte complex expansion, follicles were grouped into three size categories, including small (6 to < 8 mm), medium (8 to < 10 mm) and large follicles ( 10 mm). Results were analyzed by one-way ANOVA followed by the Tukey-Kramer HSD test for comparison of multiple means. Data were transformed arcsines before analysis when heterogeneity of variance was observed with the Bartlett test. Figure 1 shows the expression of PGHS enzymes in animals ovariectomized 0, 18, or 24 h post-hCG. No PGHS-2 protein was detected in a group of 18 follicles of 7-12.5 mm isolated at 0 h post-hCG (Fig. 1A) . However, a faint but detectable PGHS-1 signal (70 kDa) comigrating with the bovine PGHS-1 standard was observed in several follicles. Although the nature of the higher band detected with the anti-PGHS antibody in all follicle extracts remains unknown, its presence has previously been reported in cattle [22] and rats [37] . Immunoreactive PGHS-2 protein was detected in 5 of 16 follicles isolated 18 h post-hCG, and in 12 of 15 follicles isolated at 24 h (Fig. 1, B and C) . The enzyme appeared as a 72-kDa band (intact protein), and a smaller proteolytic fragment of 62 kDa [22, 25] . The relative abundance of the PGHS-2 signal at 24 h appeared higher than at 18 h post-hCG.
RESULTS
Time-and Follicle Size-Dependent Expression of PGHS-2
A clear time-and follicle size-dependent expression of PGHS-2 was observed when results from all animals were examined (Fig. 2) . PGHS-2 expression was never observed in small follicles, whether they were isolated 0 (n = 14 follicles), 18 (n = 7), or 24 h (n = 6) post-hCG (Fig. 2,  upper panel) . Also, no PGHS-2 protein was detected in medium (n = 41) or large (n = 64) follicles isolated at 0 h post-hCG (Fig. 2) . In contrast, an average 12.3% and 45.9% of medium follicles per animal were PGHS-2-positive at 18 and 24 h post-hCG, respectively (p < 0.05; total of n = 27 and 19 follicles examined at 18 and 24 h, respectively). The proportion of large PGHS-2-positive follicles increased with time, with an average of 43.7% and 91.0% large follicles per animal being positive at 18 and 24 h post-hCG, respectively (p < 0.05; total of n = 39 follicles examined at both 18 and 24 h).
Follicular Fluid Concentrations of PGs
Follicular fluid concentrations of PGE 2 and PGF 2 were analyzed in relation to PGHS-2 expression (Fig. 3) . All follicles isolated 0 h post-hCG were PGHS-2-negative and contained low concentrations of PGE 2 (0.47 0.07 ng/ml) and PGF 2 , (0.07 + 0.03 ng/ml). No significant changes in prostaglandin concentrations were observed at 18 h posthCG, whether follicles were PGHS-2-negative or -positive (Fig. 3) . However, follicular fluid concentrations of PGE 2 and PGF 2 . increased in PGHS-2-positive follicles isolated 24 h post-hCG, rising to 13.15 + 1.60 ng/ml and 4.99 0.79 ng/ml, respectively (p < 0.05). Concentrations of prostaglandins in PGHS-2-negative follicles isolated 24 h posthCG were not significantly different from those in follicles isolated at 0 or 18 h (p > 0.05). 
Follicular Fluid Concentrations of Progesterone and Estradiol-1 7p
Follicular fluid concentrations of progesterone and estradiol-1713 were analyzed in relation to follicular PGHS-2 expression (Fig. 4) . Results showed that follicles isolated 0 h post-hCG (all PGHS-2-negative) were estrogen-dominant, with relatively low progesterone (28.2 + 5.8 ng/ml) and high estradiol-17 (291. 8 13.0 ng/ml) levels (Fig.  4) . After hCG treatment, PGHS-2-negative and -positive follicles had distinct steroidogenic capacities. At 24 h posthCG, PGHS-2-negative follicles were still estrogen-dominant, with relatively high estradiol-171 (220.0 + 25.8 ng/ ml) and low progesterone (27.1 2.8 ng/ml). In contrast, PGHS-2-positive follicles at 24 h post-hCG had undergone luteinization as evidenced by a marked decrease in estradiol-17P (18.4 + 1.6 ng/ml, p < 0.0001) and increase in progesterone levels (163. 3 18.9 ng/ml, p < 0.0001). At 18 h post-hCG, PGHS-2-positive follicles were also luteinized, and concentrations of both steroids were not significantly different from those at 24 h post-hCG (Fig. 4) . However, in contrast to results observed in PGHS-2-negative follicles at 24 h, PGHS-2-negative follicles at 18 h posthCG showed evidence of luteinization (Fig. 4) .
Morphology of the Cumulus-Oocyte Complex
Cumulus expansion remained undetected in almost all small follicles isolated between 0 and 24 h post-hCG (n = 27 follicles), except for one PGHS-2-negative follicle isolated 18 h post-hCG. Cumulus expansion was rare or absent in medium and large PGHS-2-negative follicles isolated 0 and 24 h post-hCG (Fig. 5, left panels) . However, an av- erage of 43.7% of medium and 48.3% of large PGHS-2-negative follicles isolated 18 h post-hCG had an expanded cumulus (Fig. 5, left panels) .
A distinct pattern of cumulus expansion was observed in medium and large PGHS-2-positive follicles. No medium or large follicles isolated at 0 h were PGHS-2-positive. However, cumulus expansion was observed in all medium (n = 20 follicles) and large (n = 44) PGHS-2-positive follicles isolated 18 and 24 h post-hCG (Fig. 5) .
DISCUSSION
The pattern of expression of PGHS-2 in bovine follicles during superovulatory treatment clearly shows that the enzyme is induced in a time-and follicle size-dependent manner. The time course of PGHS-2 induction in bovine superovulatory follicles appears to be similar to that observed in the preovulatory follicle of a normal estrous cycle (18 h post-hCG) [22, 251 . A diameter of 8 mm is an important developmental stage for bovine follicles, because induction of PGHS-2 occurred only in follicles that had reached this size. The gonadotropin-dependent expression of PGHS-2 at this developmental stage is probably related to the coincident expression of LH receptors in granulosa cells [38, 39] . A similar developmental-and gonadotropin-dependent induction of PGHS-2 has been reported in rats, a multiovulatory species in which PGHS-2 expression is restricted to large preovulatory follicles exposed to high levels of gonadotropins [18, 20, 21] .
Exogenous hCG was administered at the end of a standard superovulatory protocol to precisely control the induction of the ovulatory process. The observed effect of hCG on PGHS-2 induction most likely mimics that nor-mally caused by the endogenous LH surge. Previous studies have shown that both gonadotropins (hCG and LH) cause a similar pattern of PGHS-2 induction during the normal estrous cycle [22, 25] . The expression of PGHS-2 in superovulatory follicles at 24 h post-hCG was associated with an increase in prostaglandin synthetic activities, but this association was not observed at 18 h post-hCG. A similar pattern is observed in equine preovulatory follicles in which induction of PGHS-2 and an increase in follicular prostaglandins are first detected at 30 and 36 h, respectively [24] . Lower expression of PGHS-2 at early time points and the relatively large volume of follicular fluid (dilution effect) could be responsible, at least in part, for the interval observed in both species.
Prostaglandins have been linked to ovulation for more than 25 yr [16, [40] [41] [42] [43] . Recent gene targeting studies in mice have provided convincing evidence for an obligatory role of prostaglandin synthesis during the ovulatory process [44, 45] . PGHS-2-deficient female mice were shown to be infertile because of lack of ovulation. Absence of ovulation of follicles smaller than 8 mm reported during superovulation in cattle [30] may result, at least in part, from the inability of gonadotropins to induce PGHS-2 in these small follicles. Similarly, the absence of PGHS-2 expression in a proportion of follicles larger than 8 mm at 24 h post-hCG could represent one of the mechanisms involved in the development of large anovulatory follicles during superovulation treatment. The incidence of PGHS-2-negative follicles larger than 8 mm at 24 h post-hCG in this study (24%; n = 14 of 58 follicles) is very similar to the incidence of anovulatory follicles detected by ultrasonography during superovulatory treatment [30] .
One important finding of this study is the identification. of PGHS-2 as a marker to differentiate subpopulations of superovulatory follicles with distinct steroidogenic capacities. At 24 h post-hCG, PGHS-2-positive follicles were clearly luteinized, with high progesterone and low estradiol, whereas PGHS-2-negative follicles were not luteinized and had low progesterone and high estradiol in follicular fluid. Interestingly, the presence of high estradiol in PGHS-2-negative follicles indicates that they were not atretic [46, 47] . Differences in LH receptor numbers and/or activation of intracellular signalling pathways are potential causes for the lack of hCG responsiveness. In previous studies, the unintentional grouping of these two subpopulations of follicles is presumably responsible for the marked heterogeneity reported in follicular fluid concentrations of steroids during superovulation in cattle [48, 49] . Similarly, the high variability in concentrations of progesterone and estradiol in PGHS-2-negative follicles isolated at 18 h post-hCG in this study was probably caused by the inadvertent pooling of different subpopulations of follicles (luteinized and unluteinized). However, the problem at this earlier time point is that induction of follicular PGHS-2 is not completed. Since follicular luteinization occurs before PGHS-2 induction in bovine follicles [22, 25, 50] , we predict that the population of PGHS-2-negative follicles at 18 h post-hCG contained some follicles that had luteinized but had not yet expressed PGHS-2. Therefore, PGHS-2 should be considered as a good differentiating marker just before ovulation.
In addition to its effects on ovulation and luteinization, the preovulatory gonadotropin surge is the physiological trigger for resumption of oocyte maturation. The structural changes of the bovine cumulus oocyte complex during its final maturation in vivo have been well characterized in superovulated and unstimulated animals [51] [52] [53] [54] . The present study shows that PGHS-2 expression is closely related to the morphology of the complex. All PGHS-2-positive follicles contained an expanded cumulus, whereas the vast majority of small, medium, and large PGHS-2-negative follicles isolated between 0 and 24 h post-hCG had a compact unexpanded complex. The only time at which cumulus expansion was observed in a considerable number of PGHS-2-negative follicles was at 18 h post-hCG. Considering that cumulus expansion precedes PGHS-2 induction [25, 52] , we predict that some PGHS-2-negative follicles with expanded cumulus at 18 h would have become positive shortly thereafter. At 24 h post-hCG, all medium and large PGHS-2-negative follicles contained an unexpanded cumulus, indicating that the entire follicle unit remained unresponsive to hCG.
In summary, induction of PGHS-2 in bovine follicles during superovulatory treatment is time-and size-dependent, and results support our initial hypothesis that PGHS-2 is a molecular marker for follicular commitment to ovulation. The expression of PGHS-2 was consistently associated with other signs of terminal follicular differentiation, including luteinization and cumulus oocyte expansion. In contrast, lack of PGHS-2 induction in follicles of ovulatory size (> 8 mm) was linked to an apparent failure to respond to the gonadotropin preovulatory signal (hCG), since no concomitant changes in follicular steroidogenesis and cumulus morphology were observed. Because these latter follicles are likely to remain anovulatory, they should become the focus of future investigations as they represent a known drawback of current superovulatory protocols in cattle.
